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7KH PHFKDQLFDO EHKDYLRXUV RI URFN PDVV DUH LQIOXHQFHG E\ WKH SUHVHQFH RI FUDFNV DW WKH
PLFURVFRSLF DQG PDFURVFRSLF OHYHOV :KHQ FRXSOHG ZLWK FRUURVLRQ E\ FKHPLFDO LRQV LQ
JURXQG ZDWHU WKHVH FUDFNV FDQ FDXVH LQVWDELOLWLHV DQG IUDJPHQWDWLRQ QHDU WKH H[FDYDWHG
VXUIDFH RI XQGHUJURXQG VWUXFWXUHV VXFK DV VKLHOG WXQQHOV HWF 7KLV SDSHU SUHVHQWV WKH
GHYHORSPHQWRI DSDUDOOHO-ERQGHGFKHPLFDO FRUURVLRQ 3&&PRGHO IRUPRGHOOLQJFRUURGHG




HYROXWLRQ SURFHVV DV ZHOO DV SUHGLFWLQJ WKH PDFUR-PHFKDQLFDO GHJUDGDWLRQ FDXVHG E\ WKH
FKHPLFDO FRUURVLRQ ,W LV WKHQ DSSOLHG WR LQYHVWLJDWH FKHPLFDO HIIHFWV RQ FUDFN LQLWLDWLRQ
SURSDJDWLRQ FRDOHVFHQFH DQG WKH PHFKDQLFDO SURSHUWLHV RI WKH OLPHVWRQH FRQWDLQLQJ SUH-





                                                          














@7KHH[LVWHQFHRIGLVFRQWLQXLWLHV VXFKDV MRLQWV FUDFNVHWF LQ URFNPDVVKDV WZRPDLQ
HIIHFWV  E\ UHGXFLQJ WKH LQWDFW VHFWLRQ LQVLGH URFN WKHVH GLVFRQWLQXLWLHV GHFUHDVH WKH
VWUHQJWK RI WKH URFN  XQGHU H[WHUQDO VWUHVV QHZ GLVFRQWLQXLWLHV PD\ LQLWLDWH IURP WKH
H[LVWLQJFUDFNVDQGSURSDJDWHDQGFRQQHFWZLWKRWKHUFUDFNVIXUWKHUGHFUHDVLQJWKHVWUHQJWK













VFDQ >-@ PLFURVFRSLF REVHUYDWLRQ SHWURJUDSKLFDO WKLQ VHFWLRQ 6(0(6(0 DQG KLJK-
VSHHGFDPHUDDUHVRPHWLPHVXVHG>@ 




PLQXWH FUDFN RSHQLQJ REVHUYHG RQ WKH VSHFLPHQ VXUIDFH +RZHYHU DV VKRZQ LQ RWKHU
H[SHULPHQWDO VWXGLHV HPSOR\LQJ $( >@ DQG &7 >@ WHFKQLTXHV FUDFNLQJ HYHQWV SULRU WR
WKRVHREVHUYHGRQWKHVXUIDFHPD\RFFXULQVLGHWKHURFNVSHFLPHQV(YHQZKHQVKHDUIDLOXUH
EDQGV FDQ EH GLVWLQJXLVKHG WKH $( DQG &7 UHVROXWLRQ LV RIWHQ WRR ORZ WR FDSWXUH WKH
GHYHORSPHQWRIGLVWLQFWFUDFNWUDMHFWRULHV>@ 
1XPHULFDOPRGHOOLQJRI URFNPHFKDQLFVDQG URFNHQJLQHHULQJSURFHVVHVHQDEOHVHDVLHUDQG
GHWDLOHG LQYHVWLJDWLRQ DQG YLVXDOL]DWLRQ RI PLFUR FUDFNV VWUHVV GLVWULEXWLRQV DQG RWKHU
YDULDEOHV >-@ 8VLQJ H[WHQGHG ILQLWH HOHPHQW PHWKRG ;)(0 0RKWDUDPL HW DO >@




*HRVSKHUH D QXPHULFDO WRRO WR DQDO\]H XQVDWXUDWHG ZDWHU IORZ LQ DQ RSHQ SLW ILOOHG ZLWK
PLQLQJ ZDVWHV 7KLV LQYROYHG ZDWHU IORZ DQG VROXWH WUDQVSRUW HIIHFWV DVVRFLDWHG ZLWK
UHFKDUJHZDVWHPDWHULDODQGIUDFWXUHVRIWKHLQWKHVXUURXQGURFNPDVV 
'LVFUHWH(OHPHQW0HWKRG '(0 LVD UDSLGO\GHYHORSLQJDUHD LQFRPSXWDWLRQDOPHFKDQLFV
7KLV PRGHOOLQJ DSSURDFK ZKLFK UHSUHVHQWV URFN DV DQ DVVHPEODJH RI SDUWLFOHV VSKHUHV
HOOLSVRLGVEORFNVWKDWLQWHUDFWZLWKHDFKRWKHUKDVEHHQUHFRJQLVHGDVERWKDVFLHQWLILFWRRO
DQGDQHQJLQHHULQJWRRO WR LQYHVWLJDWHWKHPHFKDQLFSURSHUWLHVRIURFNLQERWK PLFURVFRSLF
DQGPDFURVFRSLF VFDOHV >@%RQGHGSDUWLFOHPRGHO %30EDVHGRQ'(0 FRQVWLWXWHVD
GHQVH SDFNLQJ RI QRQ-XQLIRUP VL]HG FLUFXODU RU VSKHULFDO SDUWLFOHV >@ $OO SDUWLFOHV DUH
ERQGHG WRJHWKHU E\ ERQGV WKDW KDYH VSHFLILF VWLIIQHVV DQG VWUHQJWK 7KHVH SDUWLFOHV FDQ EH
GHWDFKHGZKHQH[WHUQDOORDGVH[FHHGWKHERQGVWUHQJWK>@ 
%30 LV ZLGHO\ XVHG IRU PRGHOOLQJ WKH PHFKDQLFDO EHKDYLRU RI URFN $VDGL HW DO >@
FRQGXFWHGGLUHFWVKHDUWHVWVE\XVLQJ%30WRVLPXODWHWKHIUDFWXUHRIV\QWKHWLFURFNVDQGWR
LQYHVWLJDWH WKHHIIHFWRIPLFUR-SURSHUWLHVVKHDUIUDFWXUH'LIIHUHQWNLQGVRI IDLOXUH LQFOXGLQJ
DVSHULW\ VOLGLQJ FXW-RII DQG DVSHULW\ GHJUDGDWLRQ ZHUH H[SOLFLWO\ REVHUYHG DQG HYDOXDWHG
=KDQJHWDO >@XVHG%30WRLQYHVWLJDWHSRUHVL]HDQGGLVWULEXWLRQHIIHFWVRQWKHXQLD[LDO
FRPSUHVVLYH VWUHQJWK 8&6 RI OLWKRSK\VDO URFNV 7KHLU UHVXOWV VKRZ WKDW 8&6 GHFUHDVHV
ZKHQSRUHUDGLLLQFUHDVHEXWGHFUHDVHVGXHWRWKHH[LVWHQFHRISRUHVZLWKWKHVDPHFRQGLWLRQ
RISRURVLW\0RVWSUHYLRXVVWXGLHVIRFXVRQPHFKDQLFDOSURSHUWLHVVXFKDVHODVWLFDQGSODVWLF






7KLV SDSHU SUHVHQWV D SDUDOOHO-ERQGHG FKHPLFDO FRUURVLRQ 3&& PRGHO ZKLFK H[WHQGV WKH
IHDWXUHV RI WKH ERQGHG-SDUWLFOH PRGHO %30 E\ DGGLQJ D GDPDJH HYROXWLRQ ODZ WR WKH
SDUDOOHO ERQG /LPHVWRQH LV XVHG DV DQ H[DPSOH URFN W\SH %HIRUHPLPLFNLQJ WKH FKHPLFDO
FRUURVLRQ SURFHVVHV XVLQJ WKH 3&& PRGHO LQ '(0 ODERUDWRU\ FKHPLFDO FRUURVLRQ WHVWV RQ
OLPHVWRQH DUH ILUVW FRQGXFWHG WR LQYHVWLJDWH WKH PLFUR GDPDJH HYROXWLRQ XVLQJ 1XFOHDU
0DJQHWLF 5HVRQDQFH 105 ,QWHUQDO PLFURVWUXFWXUH LPDJHV DQG 7 YDOXHV WUDQVYHUVH




WR LQYHVWLJDWH FKHPLFDO HIIHFWV RQ FUDFN LQLWLDWLRQ SURSDJDWLRQ FRDOHVFHQFH DQG WKH
PHFKDQLFDOSURSHUWLHVRIWKHOLPHVWRQHFRQWDLQLQJSUH-H[LVWLQJIODZV0LFURVFDOHFRUUHODWLRQV




0LFURVFRSLFGDPDJH LV WKH URRW FDXVHRIPDFURVFRSLFPHFKDQLFDOGHJUDGDWLRQ7RTXDQWLI\
GDPDJHDWWKHPLFURVFDOHDQGFRQVWUXFWWKHPLFURGDPDJHPRGHORIWKHURFNGXULQJFKHPLFDO
FRUURVLRQ DGDPDJHYDULDEOHPXVWEHGHILQHG ,Q WKLVSDSHUSRURVLW\ LV VHOHFWHG DV WKHNH\
SDUDPHWHURIWKHGDPDJHYDULDEOH'FDOFXODWHGDV>@ 
ܦ ൌ ௏ି௏ವ௏ ൌ ௡ି௡బଵି௡బ 










WUDQVYHUVH UHOD[DWLRQ WLPH GLVWULEXWLRQ 7 VSHFWUXP SRURVLW\ DQG 0DJQHWLF 5HVRQDQFH
,PDJLQJ 05, ZKLFK FDQ EH XVHG WR LQYHVWLJDWH WKH SRUH VL]H GLVWULEXWLRQ DQG PLFUR
VWUXFWXUHGDPDJHRIWKHURFN7KXVZKHQURFNVDPSOHLVIXOO\VDWXUDWHGZLWKZDWHUWKH105
V\VWHPFDQDQDO\]HWKHGHWHFWHGWKHSRUHYROXPHDQGWKHSRUHVL]HGLVWULEXWLRQ7KHWHVWFHOO







OHQJWK RI  PP DQG D GLDPHWHU RI  PP )URP ;-UD\ GLIIUDFWLRQ ;5' DQDO\VHV LW LV
IRXQG WKDW WKH OLPHVWRQH VDPSOHV DUH FRPSRVHG RI  FDOFVSDU TXDUW] FHPHQWV DQG 














Table 1 Group of samples 
1RRIVSHFLPHQ S+ 7LPHG 1RRIVSHFLPHQ S+ 7LPHG 
$-   &-   
$-   &-   
$-   &-   
%-   '- 'LVWLOOHG:DWHU  
%-   '- 'LVWLOOHG:DWHU  
%-   '- 'LVWLOOHG:DWHU  
:KHQWKHVDPSOHVUHDFKWKHGHVLJQHGHURVLRQSHULRG105WHVWVDUHFRQGXFWHGWRDQDO\VHWKH
SRURVLW\FKDQJH$IWHUWKH105WHVWVWKHVDPSOHVDUHWDNHQRXWRIWKH105PDFKLQHDQGSXW
LQ WKH WULD[LDO SUHVVXUH FHOO RI WKH URFN WHVW V\VWHP IRU WULD[LDO FRPSUHVVLRQ WHVWV 7KH
FRQILQLQJSUHVVXUH LV JUDGXDOO\ LQFUHDVHGXS WR03DDQG WKHQ IL[HG$IWHU WKDW D VWUDLQ




3RURVLW\ FKDQJHV REWDLQHG E\ 105 DUH OLVWHG LQ 7DEOH  7KH GDPDJH HYROXWLRQ UDWH LV
FDOFXODWHG DFFRUGLQJ WR (TXDWLRQ  DQG WKH UHODWLRQVKLS EHWZHHQ GDPDJH HYROXWLRQ DQG
FRUURVLRQWLPHLVVKRZQLQ)LJ 
Table 2 Porosity change of limestone samples after chemical corrosion 
12RIVDPSOHV 7LPHG S+ ,QLWLDO3RURVLW\ &RUURVLRQ3RURVLW\ 3RURVLW\&KDQJH 
$-      
$-     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,W FDQ EH VHHQ IURP WKH )LJ DQG 7DEOH  WKDW WKH SRURVLWLHV RI WKH RULJLQDO VDPSOHV DUH
UHODWLYHO\ORZKDYLQJDQDYHUDJHYDOXHRIDERXW+RZHYHUFKHPLFDOFRUURVLRQFDXVHG
DQLQFUHDVHGLQPLFURGDPDJHRIWKHOLPHVWRQHVDPSOHVZLWKLPPHUVLRQGD\V 7KHGDPDJHRQ
OLPHVWRQH VDPSOHV LPPHUVHG LQ WKH PRVW DFLGLF VROXWLRQ S+ YDOXH RI  LV VLJQLILFDQWO\




)LWWHG E\ )LJ WKH UHODWLRQVKLS EHWZHHQ PLFUR GDPDJH DQG FKHPLFDO FRUURVLRQ FDQ EH
H[SUHVVHGDVIROORZV ܦ௥ ൌ ߙଵݐଶ ൅ ߙଶݐ ൅ ܿ 
:KHUHܦ௥LV WKHPLFURGDPDJH FDXVHGE\FKHPLFDO FRUURVLRQߙଵDQGߙଶDUH WKHSDUDPHWHUV
UHODWHGZLWKWKHS+YDOXHDQGWKHFKHPLFDOLRQVRIWKHVROXWLRQDQGFLVDFRQVWDQWZKLFKFDQ
EH ILWWHG E\ WHVW GDWD ,W LV QRWHG WKDW PLFUR GDPDJH LV D TXDGUDWLF IXQFWLRQ RI FKHPLFDO




In the BPM the parallel bond which connects two particles resists both forces and moments 
applied to the particles, as shown in Fig.3. 7KH IROORZLQJ ILYHSDUDPHWHUVGHILQH D SDUDOOHO
ERQGߣ radius multiplier defined such that the parallel-bond radius equals this multiplier 
times the minimum radius of the two bonded balls; ݇௡ , parallel-bond normal stiffness;  ݇௦, 
parallel bond shear stiffness; ߪ௖  , parallel bond normal strength; ߬௖  , parallel bond shear 
strength. Details of the parallel bond have been described in [36] and only the forces and 
moments calculations are briefly introduced here. 
 
(a)                                                           (b) 
Fig.3 Parallel bond depicted as a finite sized material [36]  
The total force and moment associated with the parallel bond are denoted by ܨ௜  andܯଷ , 
which are shown in Fig 3. And the force vector can be resolved into normal and shear 
components with respect to the contact plane as: ܨ௜ ൌ ܨ௜௡ ൅ ܨ௜௦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Where  ܨ௜௡ and ܨ௜௦denote the normal and shear force component vectors, respectively. The 
force and moment vectors are shown in Figure 3, where the parallel bond is depicted as a 
finite-sized piece of elastic material. 
When the bond is formed ܨ௜  and ܯଷ are initialized to zero. Each subsequent relative 
displacement and rotation-increment at the contact results in an increment of elastic force and 
moment that is added to the current values. The elastic force-increment and the elastic 
moment-increment occurring over a time step of  ?ݐ are calculated by [36]: 
ቐ  ?ܨ௜௡ ൌ ݇௡ܣܷ௡ ?ܨ௜௦ ൌ ݇௦ܣܷ௦ ?ܯଷ ൌ െ݇௡ܫ ?ߠଷ 
Where  ?ܨ௜௡, ?ܨ௜௦ and  ?ܯଷ are axial and shear directed forces and moment, respectively; ܷ௡, ܷ௦ and  ?ߠଷare the axial and shear directed relative displacements and rotation between the 
two bonded particles; A is the area of the bond cross-section, and I is the moment of inertia of 
the bond cross-section about an axis through the contact point and in the direction of  ?ߠଷ, 
which are  calculated by [36]:               ቊ ܣ ൌ  ?ܴ ݐܫ ൌ ଶଷ ܴଷݐ 
The maximum tensile and shear stresses acting on the bond periphery are calculated to be: ቐߪ௠௔௫ ൌ ିி೙஺ ൅ ȁெయȁூ ܴ߬௠௔௫ ൌ ி೔ೞ஺  
If the maximum tensile stress equals/exceeds the normal strength (ߪ௠௔௫  ุ ıc), or if the 









FOD\ PLQHUDOV 7KH PDFUR PHFKDQLFDO SURSHUWLHV RI OLPHVWRQH UHO\ RQ WKH VWUHQJWK RI WKH
FHPHQWLQJ PDWHULDO >@ )DFWRUV WKDW FRQWULEXWH WR WKH PLFUR GDPDJH GHYHORSPHQW DQG







VROXWLRQ DQG LWV PLFUR GDPDJH HYROXWLRQ FXUYH DUH VKRZQ LQ )LJ E DV DQ H[DPSOH 7KH
ZKLWH SRLQWV LQ WKH LPDJHV UHIOHFW WKH ZDWHU LQVLGH WKH URFN DQG WKH EODFN DUHD LV WKH
EDFNJURXQG7KHEULJKWQHVVDQGWKHQXPEHURIZKLWHSRLQWVRIWKHLPDJHLQFUHDVHZKHQWKH
SRURVLW\ LQFUHDVHV ,W FDQ EH VHHQ WKDW  DIWHU FKHPLFDO FRUURVLRQ WKHUH LV D VLJQLILFDQW
LQFUHDVHRIZKLWHSRLQWVDQGEULJKWQHVVZKLFKLQGLFDWHVWKHFDOFVSDULQVLGHWKHOLPHVWRQHLV
EHHQ GLVVROYHG VR WKDW WKH SRURVLW\ DQG WKH PLFUR GDPDJH RI WKH VDPSOH LQFUHDVHV  $V
H[SHFWHGWKHGDPDJHHYROXWLRQFXUYHLVFRQYH[LQGLFDWLQJWKHGDPDJHJURZWKUDWHGHFUHDVHV
ZLWK WKH LPPHUVLRQWLPH$FFRUGLQJ WRFKHPLFDO UHDFWLRQUDWH WKHRU\>@DIWHUDSHULRGRI
FKHPLFDO UHDFWLRQ WKH FRQFHQWUDWLRQRI WKH FKHPLFDO LRQV VXFKDV+ LRQV LQ WKHFKHPLFDO
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WRJHWKHU DW WKHLU FRQWDFW SRLQWV DV VKRZQ LQ )LJ D 'DPDJH LV UHSUHVHQWHG H[SOLFLWO\ DV
EURNHQERQGVZKLFKZLOOEHUHIHUUHGWRDVPLFURFUDFNVWKDWPD\IRUPZKHQORDGLVDSSOLHG
>@7KXVWKHFKHPLFDOFRUURVLRQSURFHVVFDQEHLPSOHPHQWHGE\UHGXFLQJRUUHPRYLQJWKH













7KLV VWXG\ LV PDLQO\ EDVHG RQ WKH WZR-GLPHQVLRQDO SDUWLFOH IORZ FRGH 3)&' ZKLFK LV
EDVHG RQ WKH SULQFLSOHV RI '(0 In general, DEM simulations show good qualitative 
12 
 
agreement with experimental observations [49]. However, the mechanical properties of a 
DEM model are usually specified at the micro-scale, e.g. particle stiffness, parallel bond 
strengths and the friction coefficient between particles [35]. This is different from the real 
rock, which is usually GHVFULEHG E\ WKHLU HODVWLF PRGXOXV SHDN VWUHQJWK 3RLVVRQ¶V UDWLR
tensile strength, etc.  Thus, the use of this approach for real problems requires a calibration 
process [29]. :LWK105WHVWVDVZHOODVWULD[LDOFRPSUHVVLRQWHVWVthe properties of particles 
and parallel bonds in BPM can be calibrated. The minimum radius of particles of the DEM 
sample is 1.5eí2 mm, and the maximum-to-minimum radius ratio of the particles is 1.66. The 
parameters used in PFC2D for limestone sample in air are listed in Table 3. The mechanical 
properties obtained from laboratory test and PFC simulations are shown in Table 4, 
confirming that the calibrated DEM model can accurately represent the mechanical behaviour 
of limestone sample in air. 
Table 3 Parameters in PFC2D for limestone sample in air 














Table 4 Main macro mechanical properties of limestone obtained from lab tests and DEM 
simulations 
0HFKDQLFDOSURSHUW\ ([SHULPHQWWHVWV '(0VLPXODWLRQV 
3HDNVWUHQJWK03D   
(ODVWLFPRGXOXV(*3D   





7KH 3&& PRGHO LGHDOL]HV WKH VHGLPHQWDU\ URFN DV D FHPHQWHG JUDQXODU PDWHULDO DQG WKHQ
UHGXFHVWKHGLDPHWHURIWKHFHPHQWERQGEDVHGRQWKHPLFURGDPDJHFXPXODWLYHPRGHO,WLV
IROORZHGE\WKHVHDVVXPSWLRQV 





The reduction in parallel-bond diameter during the chemical corrosion process is specified by 
the bond damage ratioܦ௣ZKLFKLVVKRZQLQ)LJEDQGLVH[SUHVVHGDV ܦ௣ ൌ ோିோ೎ோ ൌ ఒିఒ೎ఒ  
 
Where ܴ௖ is the parallel bond diameter after chemical corrosion, R is the intact parallel bond 
diameter, ߣ௖is the bond radius multiplier after chemical corrosion, ߣLVWKHLQWDFWbond radius 
multiplier. Thus, ܴ௖FDQEHH[SUHVVHGDV ܴ௖ ൌ ሺ ? െ ܦ௣ሻܴ 
,QYHUVHDQDO\VLV LVFDUULHGRXW WRREWDLQWKHGDPDJHHYROXWLRQ ODZIRU WKHERQGGHJUDGDWLRQ






WHVWVXQWLODEM model can well represent the mechanical behaviours of chemical corroded 
limestone samples, particularly the peak strength. If not, return to step 1. 
7KHSHDNVWUHQJWKRIWKHlabWHVWHGVDPSOHVDQGWKH3&&VLPXODWHGVDPSOHVDUHVKRZQLQ)LJ
 $IWHU ELD[LDO WHVW WKH IUDFWXUH SDWWHUQV RI WKH FRUURGHG VDPSOH DQG FUDFN ]RQHV RI WKH
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7KH UHODWLRQVKLS RI ERQG degradation rate and corrosion time is shown in Fig.7. 7KH ERQG
GHJUDGDWLRQFXUYHRIWKH3&&PRGHOLVVLPLODUWRWKHPLFURGDPDJHFXUYHIURP105WHVWV
7KHERQGGDPDJHRIWKHVDPSOHFRUURGHGE\S+VROXWLRQLVDOZD\VPRUHVHYHUHDQGJURZV
IDVWHU WKDQ RWKHU VDPSOH DQG WKH ERQG GHJUDGDWLRQ UDWH RI ZDWHU VRIWHQHG VDPSOH LV WKH
ORZHVW7KXVWKHFRUURVLRQNLQHWLFRI3&&PRGHOFDQEHH[SUHVVHGDV ܦ௣ ൌ ߚଵݐଶ ൅ ߚଶݐ ൅ ܿሺ ?ሻ 
:KHUH ܦ௣ LV WKH ERQG GDPDJH FDXVHG E\ FKHPLFDO FRUURVLRQ ߚଵ DQG ߚଶ DUH PDWHULDO
SDUDPHWHUVWKDWYDU\ZLWKWKHFKHPLFDOHQYLURQPHQWDQGFLVWKHFRQVWDQW:LWKWKHGDPDJH
NLQHWLFV ܦ௣  WKH ERQG GDPDJH HYROXWLRQ ODZ SURYLGHV WKH UDWH DW ZKLFK D SDUDOOHO ERQG
GHJUDGHV7KHERQGEHFRPHVZHDNHUDVWKHFKHPLFDOFRUURVLRQSURFHHGVVRWKDWWKHHIIHFWLYH
ERQG VWLIIQHVV GHFUHDVHV ZKLFK DOORZV IRU D PDFURVFRSLF ORDG UHGLVWULEXWLRQ WR RFFXU
WKURXJKRXWWKHPDWHULDO 






Table 6 Parameters of ERQGGHJUDGDWLRQIRUPXOD 
&KHPLFDOVROXWLRQ ߚଵ ߚଶ F 
S+1D62 -ൈ-   
S+1D62 -ൈ-   
S+1D62 -ൈ-  ൈ- 
'LVWLOOHGZDWHU -ൈ-  ൈ- 
 
After the diameter of a parallel bond is reduced due to chemical corrosion, both the effective 
stiffness and the bond force will also be reduced. This is due to the reduction in the bond 
cross-sectional properties A and I. The bond cross-sectional properties after chemical 
corrosion can be expressed as: ቊܣ௖ ൌ ܣܦ௣ܫ௖ ൌ ܫܦ௣ଷ  
Where ܣ௖ and ܫ௖ are the bond cross-sectional properties after chemical corrosion. By using 
Eq. (10), the new parameter can be inserted. Based on NMR and mechanical tests of the 
chemically corroded limestone samples, the chemically induced damage law is obtained, 
which is shown in Fig 4. The corrosion kinetics of the PCC model is derived according to the 
damage process of the chemically corroded limestone samples, expressed by Equation (9) 
with parameters presented in Table 6. By using the PCC model, the mechanical properties of 
the limestone corroded by chemical solution for random periods can be predicted.  
 
$SSOLFDWLRQRIWKH3&&PRGHOLQYHVWLJDWLQJcrack propagation and coalescence  
,QWKLVVHFWLRQWKH3&&PRGHOZLOOEHDSSOLHGWRLQYHVWLJDWHFUDFNSURSDJDWLRQFRDOHVFHQFH




The modelled limestone samples are cylindrical shaped with a length of 100 mm and a 
diameter of 50 mm. All the parameters of the numerical sample are shown in Table 3. All the 
samples are corroded by chemical solution or soften by distilled water for 60 days, which is 
as same as the test condition mentioned in Section 2, so that the chemical damage caused by 
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chemical ions are same as that in previous test study. Two flaws of 4 mm each in length are 
created in per sample, as shown in Fig.8.  
 
 
Fig.8 Layout of limestone specimens with two or three flaws 
The pH value of the chemical solution are 3, 5 and 7, to investigate of the chemical solution 
on strength and the crack propagation process in limestone samples. The sample immersed in 
distilled water is used as a control. The sample groups are listed in Table 7.  
Table 7 Group of samples 
No. of sample &KHPLFDOVROXWLRQ )ODZGLVWULEXWLRQ No. of sample &KHPLFDOVROXWLRQ )ODZGLVWULEXWLRQ 
$- ,QDLU ߙ  ?ߚ  ? &- S+ ߙ  ?ߚ  ? 
$- ,QDLU ߙ  ?ߚ  ? '- S+ ߙ  ?ߚ  ? 
$- ,QDLU ߙ  ?ߚ  ? '- S+ ߙ  ?ߚ  ? 
%- S+ ߙ  ?ߚ  ? '- S+ ߙ  ?ߚ  ? 
%- S+ ߙ  ?ߚ  ? (- 'LVWLOOHGZDWHU ߙ  ?ߚ  ? 
%- S+ ߙ  ?ߚ  ? (- 'LVWLOOHGZDWHU ߙ  ?ߚ  ? 
&- S+ ߙ  ?ߚ  ? (- 'LVWLOOHGZDWHU ߙ  ?ߚ  ? 
&- S+ ߙ  ?ߚ  ?    
 
$IWHUWKHFDOLEUDWLRQSURFHVVZLWKWKHLQWDFWURFNVDPSOHZLWKRXWSUH-H[LVWLQJIODZVWZRRSHQ








'XH WR WKH KHWHURJHQHLW\ DQG UDQGRPQHVV LQWURGXFHG LQ 3)& ZLWK UHJDUG WR WKH PLFUR-
VWUHQJWKYDOXHVDQG WKHDUELWUDULO\JHQHUDWHGSDUWLFOH UDGLXVQR WZR UXQVSURGXFH WKHVDPH
UHVXOWV>@ 7KLVIHDWXUHDOORZVDPRUHUHDOLVWLFQXPHULFDOVLPXODWLRQRI WKHQDWXUHRIURFN
PDWHULDO ,Q WKH %30 XVHG LQ WKLV VWXG\ D FUDFN LV IRUPHG ZKHQ D SDUDOOHO ERQG EHWZHHQ
DGMDFHQWSDUHQWSDUWLFOHVLVEURNHQ>@,QRUGHUWRKDYHDFRPSUHKHQVLYHUHVXOWRIWKHFUDFN
SURSDJDWLRQLQWKHOLPHVWRQHVDPSOHHDFKIODZLQFOLQDWLRQZLWKWKHVDPHVHWRISDUDPHWHUVLV
UHSHDWHGO\ UXQILYH WLPHVDQG DFRPSDULVRQRI WKHUHVXOWVXVHG WRJHQHUDOL]H WKHSDWWHUQRI
FUDFNLQJ 
)LUVWFUDFNVRIWKHVDPSOHLQ%30 








The following are observed from the test samples: 1) irrespective of the chemically eroded 
state of the rock, the first set of micro cracks are tensile, which are typically initiated from the 
pre-existing flaws and propagate in the direction of the vertical stress; 2) tensile wing cracks 
are the first to be initiated at the bridge region between the two pre-existing flaws. At lower 
angles of bridge (ߚ) inclination such as 45o and 75o, wing cracks are likely to connect to 
bigger macro cracks with increasing loading, whereas, at higher angles of bridge inclination, 
such as 105o, wing cracks are isolated and do not connect with other forms of cracks.  
,Q %30 WKH SHDN VWUHVV DQG WKH ILUVW FUDFN LQLWLDWLRQ VWUHVV UHJDUGHG DV WKH VWUHVV
FRUUHVSRQGLQJ WR WKH LQLWLDWLRQ RI WKH ILUVW REVHUYDEOH FUDFN LQ WKH QXPHULFDO VDPSOH DUH
REWDLQHGDVVKRZQLQ7DEOHDQG)LJUHVSHFWLYHO\7KHILUVWFUDFNLQLWLDWLRQVWUHVVUDWLR










,QFOLQHDQJOHȕR SK03D SK03D SK03D ZDWHU03D DLU03D 
      
      
      
 
,W FDQ EH REVHUYHG IURP )LJ DQG 7DEOH  WKDW WKH FKHPLFDO HIIHFWV KDV D VLJQLILFDQW
LQIOXHQFHRQWKHSHDNVWUHQJWKRIWKHOLPHVWRQHVDPSOHVHYHQZKHQWKH\KDYHGLIIHUHQWIODZ
DUUDQJHPHQWV 'XH WR WKH FKHPLFDO HIIHFWV WKH SHDN VWUHQJWK RI WKH VDPSOH GHFUHDVHG
6DPSOHV FRUURGHG E\ WKH S+ VROXWLRQ H[SHULHQFHG WKH ELJJHVW VWUHQJWK GHJUDGDWLRQ
FRPSDUHGZLWKWKDWFRUURGHGE\RWKHUS+YDOXHVVROXWLRQ6DPSOHVVRIWHQHGE\RQO\GLVWLOOHG
ZDWHU KDYH WKH VPDOOHVW VWUHQJWK GHJUDGDWLRQ 7KH ILUVW FUDFN LQLWLDWLRQ UDWLR RI WKH VDPSOH
FRUURGHGE\WKHS+VROXWLRQLVKLJKHUWKDQWKDWLQRWKHUJURXSVWKHZDWHUVROXWLRQJLYHVWKH
ORZHVW UDWLR 7KLV LV GXH WR WKH FKHPLFDO UHDFWLRQ EHWZHHQ WKH PLQHUDO FRPSRQHQWV LQ
OLPHVWRQHVDPSOHZLWKWKHLRQVLQWKHFKHPLFDOVROXWLRQZKLFKZHDNHQVWKHURFNVWUHQJWKVR
WKDW FUDFNV DUH HDVLHU GHYHORSHG 7KHVH UHVXOWV DUH LQ JRRG DJUHHPHQW ZLWK WKRVH REWDLQHG
IURPWKHODEWHVWVRQOLPHVWRQHVDPSOHVZLWKRXWIODZV>@ 
7KH IODZSDWWHUQ DOVR LQIOXHQFHV WKH ILUVW FUDFN LQLWLDWLRQVWUHVV6DPSOHVZLWK ORZHUEULGJH







'XULQJ WKH ORDGLQJ SURFHVV FUDFN GHYHORSPHQW DQG SURSDJDWLRQ SURFHVV RFFXUV LQ WKUHH
VWDJHV >@FUDFN LQLWLDWLRQVHFRQGDU\FUDFNJHQHUDWLRQVWDJHDQGIDLOXUH7\SLFDO WKUHH



















PRGHOOLQJ URFN IUDJPHQWDWLRQVGXH WRFKHPLFDOFRUURVLRQV105LVXVHG WRGHULYHDPLFUR
GDPDJH DFFXPXODWLYH PRGHO %DVHG RQ WKLV PLFUR GDPDJH DFFXPXODWLYH PRGHO WKH 3&&
PRGHO LV GHYHORSHG DQG LQFRUSRUDWHG LQ D '(0 VLPXODWLRQ RI FRUURGHG OLPHVWRQH 7KH
IRUPXODWLRQH[WHQGVWKHIXQFWLRQDOLW\RIWKHRULJLQDOERQGHG-SDUWLFOHPRGHO%30E\DGGLQJ
DFKHPLFDOO\LQGXFHGGDPDJHODZWRWKHERQG 
$Q H[DPLQDWLRQ RI FKHPLFDO HIIHFWV RQ FUDFN LQLWLDWLRQ SURSDJDWLRQ FRDOHVFHQFH DQG WKH
PHFKDQLFDOSURSHUWLHVRIWKHOLPHVWRQHVDPSOHFRQWDLQLQJSUH-H[LVWLQJIODZVVKRZWKDWZKHQ
WKHLQFOLQHGDQJOHRIWKHURFNEULGJHߚLVUHODWLYHO\ORZHJRDQGRWKHZLQJFUDFNVLQ
WKH URFN EULGJH UHJLRQ FRQQHFWV ZLWK ELJJHU PDFUR FUDFNV DV ORDGLQJ LQFUHDVHV &RQWUDULO\
ZKHQ WKH LQFOLQHG DQJOH RI WKH URFN EULGJH ߚ LV R WKH GHYHORSPHQW RI ZLQJ FUDFNV LV
LVRODWHG ZLWK QR OLQNDJHV WR PDFUR FUDFNV &KHPLFDO FRUURVLRQ RI URFN GHFUHDVHV LWV SHDN
VWUHQJWKDQGILUVWFUDFNLQLWLDWLRQVWUHVVZKLFKH[DFHUEDWHVFUDFNJHQHUDWLRQ 
)XWXUHZRUN LVSODQQHG WR LQYHVWLJDWH WKH WLPH-GHSHQGHQWFKHPLFDOFRUURVLRQSURFHVVHV WKDW
RFFXULQRWKHUW\SHVRIURFNVVXFKDVJUDQLWHRUPXGVWRQHDQGWKHGHIRUPDWLRQSURSHUWLHVDQG
VWDELOLW\ RI WKH URFN XQGHU GLIIHUHQW VWUHVV FRQGLWLRQV VXFK DV FUHHS RU WULD[LDO ORDGV 7R
DFKLHYHWKLVIXUWKHUPRGLILFDWLRQVRIWKHPLFURGDPDJHFXPXODWLYHPRGHODUHUHTXLUHG 
5HIHUHQFHV 
>@6(7201$*'.9878.85,96	.$768<$0$.(IIHFWRIFKHPLFDO
DGGLWLYHVRQWKHVWUHQJWKRIVDQGVWRQH>-@,QWHUQDWLRQDO-RXUQDORI5RFN0HFKDQLFVDQG
0LQLQJ6FLHQFHVH-H 
>@3$7(562106	:21*7-)([SHULPHQWDOURFNGHIRUPDWLRQ-WKHEULWWOHILHOG
6SULQJHU6FLHQFH	%XVLQHVV0HGLD 
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>@$7.,1621%.6WUHVVFRUURVLRQDQGWKHUDWH-GHSHQGHQWWHQVLOHIDLOXUHRIDILQH-JUDLQHG
TXDUW]URFN>-@7HFWRQRSK\VLFV-- 
>@+8'=+28++846+$2-)(1*;	;,$2+$K\GUR-PHFKDQLFDO-
FKHPLFDOFRXSOLQJPRGHOIRUJHRPDWHULDOZLWKERWKPHFKDQLFDODQGFKHPLFDOGDPDJHV
FRQVLGHUHG>-@$FWD0HFKDQLFD6ROLGD6LQLFD- 
>@)(1*;7&+(16/	=+28+5HDO-WLPHFRPSXWHUL]HGWRPRJUDSK\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H[SHULPHQWVRQVDQGVWRQHGDPDJHHYROXWLRQGXULQJWULD[LDOFRPSUHVVLRQZLWKFKHPLFDO
FRUURVLRQ>-@,QWHUQDWLRQDO-RXUQDORI5RFN0HFKDQLFVDQG0LQLQJ6FLHQFHV
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- 
>@/,6=+28=/,;/,8/+(-	/,8<2QH&7LPDJLQJPHWKRGRIIUDFWXUH
LQWHUYHQWLRQLQURFNK\GUDXOLFIUDFWXULQJWHVW>-@-RXUQDORI3HWUROHXP6FLHQFHDQG
(QJLQHHULQJ- 
>@*5,)),7+$$	(1*09,7KHSKHQRPHQDRIUXSWXUHDQGIORZLQVROLGV>-@3KLO
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- 
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,QWHUQDWLRQDOMRXUQDORI)UDFWXUH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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>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(QJLQHHULQJURFNPDVVFODVVLILFDWLRQV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DQG*HRWHFKQLFDO(QJLQHHULQJ- 
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>@&52,=e'%-5/<..(.-$+5(1-	5(1$5')([SHULPHQWDOPHFKDQLFDO
DQGFKHPLFDOFRPSDFWLRQRIFDUERQDWHVDQG>-@-RXUQDORI*HRSK\VLFDO5HVHDUFK6ROLG
(DUWK% 
>@'(+.+2'$6	+22'07KHLQWHUQDOIDLOXUHRIURFNVDPSOHVVXEMHFWHGWRSXOVHG
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- 
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